ABSTRACT Structural analysis of an acetylcholine receptor from Torpedo californica leads to a three-dimensional model in which a "monomeric" receptor is shown to contain subunits arranged around a central ionophoretic channel, which in turn traverses the entire 1 10 A length of the molecule. The receptor extends -15 A on the cytoplasmic side, 55
INTRODUCTION
The release of neurotransmitters from nerve terminals induces a selective increase in permeability to cations and subsequent depolarization of the electric potential across the postsynaptic membrane. This excitable membrane has been extensively characterized at the electrophysiological, cellular, kinetic, biochemical, and structural levels. Most such characterization pertains to nicotinic receptors for acetylcholine (AcCh) in vertebrate neuromuscular junctions and in the electrocytes of Torpedo (a marine elasmobranch) or Electrophorus (a fresh water teleost) (reviews, [1] [2] [3] [4] .
We present here our recent results on the structural analysis of acetylcholine receptor (AcChR) in Torpedo californica electrocyte membranes. These and related results are discussed with reference to possible mechanistic consequences, focusing on a testable hypothesis for AcChR action.
AcChR-rich membrane fractions are routinely obtained by differential centrifugation of homogenized electric organ and subsequent separation on density gradients (5) . Radioactively labeled neurotoxins such as a-bungarotoxin, which bind extremely tightly but noncovalently to AcChR with dissociation constants in the range 10-' -10-' M at room temperature (6, 7) , serve as a marker through the isolation procedure; agonist-dependent cation flux can be measured for microsac preparations to ensure functional integrity of AcChR in vitro (8, 9) . Under reducing conditions SDS polyacrylamide gel electrophoresis of such preparations shows six major bands with apparent mol wts of 40,000 (a), 43 ,000, 50,000 (d), 60 ,000 (y), 65,000 (6) , and Please address correspondence to Dr. Stroud. BIOPHYS. J. Biophysical Society -0006-3495/82/01/371/13 $1.00
Volume 37 January 1982 371-383 testable, and which serves as a focus for future studies on the 90,000 (10) . Exposure to pH 11 for 1 h at 200C removes the 43,000 and 90,000 mol wt polypeptides from the AcChR-rich membranes without loss of agonist induced fluxing ability (10, 11) . These chains are therefore presumed to be peripheral membrane proteins. Functionally intact AcChR vesicles which contain only a, fp, y, and 6 subunit types have been reconstituted from AcChR either solubilized in octylglucoside (12) or in the presence of exogenous lipids and cholate (13, 14) . The subunit composition of monomeric AcChR has been established independently in several laboratories ( 15, 16) and found to be a2f3-y6.' In vivo, however, AcChR occurs as a dimer cross-linked via a disulfide between 6 subunits (17, 18), though both the monomeric and dimeric forms show identical ligand binding affinity and are equally active in 22Na-flux assays (19) . Thus, the physiological relevance of dimerization is as yet unidentified.
Evidence in favor of discrete ionophoretic channels in the postsynaptic membrane was first obtained from the noise-analysis of agonist-induced current fluctuations measured for motor endplates under voltage-clamp conditions (20, 21) . More (47) .
Which subunit contains the agonist binding site and therefore acts as the primary effector of the protein conformational change associated with the opening of the transmembrane channel? Using a variety of affinity labels and neurotoxins, the AcChR agonist (or antagonist) binding sites have been located on the two a subunits (review, 4). Following reduction with dithiothreitol, one a subunit of the T. californica AcChR can be affinity labeled with 4-(N-maleimido)-benzyltrimethyl-ammonium (MBTA) or with bromoacetylcholine (BAC), either of which react covalently with a single sulfhydryl and block 50% of the available toxin binding sites (24, 25) . Delegeane and McNamee (26) claim that after one AcCh site is blocked by alkylation with MBTA 22Na-flux is still induced by binding of carbamylcholine to the second site. However Lindstrom et al. (14) showed, using reconstituted AcChR vesicles, that alkylation with MBTA in fact removed all agonist dependent fluxing ability. Both results indicate that ligand binding to one particular a-subunit (and not the other) leads to channel opening. In unmodified AcChR it is possible that agonist binding to both sites is more effective than simply to the one site (27) . The Hill coefficient for agonist-induced ion permeability response is 1.97 ± 0.062 thus two agonists are required for activation.3 4 AcCHR IS FUNNEL-SHAPED: ALL 
SUBUNITS SPAN THE BILAYER
The transmembrane nature of the AcChR complex has been independently demonstrated by x-ray diffraction studies and by use of analytical probes such as proteases or anti-AcChR-specific antibodies. Analysis of continuous x-ray scattering profiles recorded from pellets of AcChRrich membrane preparations revealed an asymmetric distribution of protein perpendicular to the lipid bilayer, and showed that the protein extends 55 A on one side of the membrane and 15 A on the other (28) . In conjunction with the in-plane dimensions of AcChR from electron microscopy and the measured density of receptors per unit area, this analysis provided a low-resolution, cylindrically averaged structure of AcChR (29) .
A sharp reflection of spacing 5.1 A is oriented exclusively perpendicular to the membrane plane. This is the expected angle for scattering from a-helices alone, and circular dichroism suggests that 34% of AcChR is ahelical (30) . The sharpness of the x-ray reflection indicates that the a-helices in AcChR are on average 80 A long; its orientation implies that essentially all a-helices are almost perpendicular to the membrane, and this is strong evidence that some (at least two) or all of the subunits are themselves elongated perpendicular to the membrane plane.
The funnel-shaped structure of AcChR is directly visualized in side view by negative stain electron microscopy at the edge of a folded-over membrane vesicle (Fig.  1) . Proof that these structures are membrane-bound AcChR oligomers was obtained by immuno-electron microscopy, since we were able to label them with antiAcChR antibodies coupled to -200 A-sized colloidal gold spheres (29) . Furthermore, experiments in which AcChR was treated first with a-bungarotoxin and then with antitoxin antibodies attached to gold beads established that the protein protrusion of 55 A was on the extracellular, i.e., synaptic, side of the membrane. The smaller protrusion on the cytoplasmic surface was more difficult to visualize by electron microscopy. However, as membranes dry down onto the carbon support film, folds are often formed. A small portion of these are sharp, and unambiguously show the extracellular 55 A protrusion of AcChR molecules on the outer surface of the folded double membrane (Fig. 2) . The minimum overall width of such folded double membranes measures -200 A, close to twice the 110 A length of the AcChR oligomer determined by x-ray diffraction analysis (slight shrinkage is likely to be associated with specimen dehydration for electron microscopy). The central double bilayer thickness averages 86 A. As this value is close to twice the 40 A thickness of the single bilayer (28) , there must be little of the protein protruding from the cytoplasmic surface. This observation is in agreement with the asymmetric protein profile computed from the x-ray diffraction data. The transmembrane nature of AcChR has further been demonstrated by immuno-electron microscopy: antibodies raised against solubilized AcChR and coupled with ferritin bind to both the synaptic and the cytoplasmic sides of open membrane vesicles (31, 32) .
We now ask whether all five subunits span the bilayer or whether there are components which are entirely buried in the membrane while others are accessible from one side only. As each subunit type present in membrane-bound AcChR is accessible to degradation by exogenous proteases (33-35) they must all protrude into the aqueous phase and none is entirely buried within the lipid bilayer. This conclusion is further substantiated by the finding that all four subunit species can be iodinated in the presence of lactoperoxidase (36) . The fact that all subunits naturally occur in their glycosylated form implies their exposure on the synaptic membrane side (37, 38) . Photoactivable reagents that partition into the lipid phase of the Diam dispersed in the plane of the membranes (29, (41) (42) (43) (44) . Each rosette is a projection perpendicular to the membrane surface of a single funnel-shaped structure. AcChR occurs in vivo as dimers of the five subunit complex; however, until recently direct evidence on whether the infundibuliform structure corresponds to a monomeric or dimeric receptor complex has been lacking.
Standard membrane preparations rich in monomeric or dimeric AcChR appear indistinguishable from each other because the molecules are so closely packed together. Membranes reconstituted from exogenous lipid and solubilized AcChR that was predominantly dimeric (79% by integration of stained bands on SDS gels) revealed rosettes spaced much further apart: 69% of the rosettes are seen to be dimerized and 31 % are single rosettes (total counted, 690). In a second approach, excessively base-treated (pH 11.5 for 1 h at 200C) and sonicated membranes from the same source (79% dimeric) also led to a portion of membranes with more dispersed AcChR mol (Fig. 3 B) . In this case, 78% of rosettes were in pairs, 22% were single (total counted, 803). This unambiguously shows that each infundibuliform structure is one AcChR monomer. This same conclusion which we deduced in reference 28 The centers of the rosettes generally appear more heavily stained relative to membrane regions between AcChR mol. However, quantitative analysis of the depth to which the central well is stained relative to surrounding proteinfree membrane requires dispersed molecules as described in the previous section. Furthermore, since the well narrows to < 10 A, the analysis must be carried out at high resolution, i.e., > 10 A resolution. Image reconstructions of crystalline arrays (see below) cannot be used for such purposes because disorder in the lattice limits the resolu- as those shown in Fig. 3 B, were densitometered with a raster size equivalent to 2.4 A. Optical densities (ODs) were averaged over 3 x 3 arrays of picture elements and overall OD distributions in stain-excluding protein regions (OD = 1.84 ± 0.01), in protein-free membrane areas (OD = 1.62 ± 0.01), and in the stain penetrated depressions (OD = 1.48 ± 0.06), are displayed in Fig. 4 . OD on the film is linearly related to stain thickness in the sample. Arbitrarily setting stain thickness of the protein stainexcluding region to 0 A, the stain thickness of the membrane bilayer region must then be 70 A (total receptor height = 110 A; bilayer thickness = 40 A). Hence bound AcChR: large membrane sheets (28) , and membrane tubes (45) . Whereas planar crystalline arrays occur only rarely in fresh AcChR membrane preparations, ordered synaptic side out, tubular arrays are formed spontaneously at 40C upon annealing over a period of six weeks or longer. No proteolytic degradation was observed after much longer periods under the same conditions, and the tubes were shown to contain all four subunit types of AcChR by immuno-electron microscopy (45) . These structures present many differently angled views of AcChR, which resolve into the characteristic infundibuliform shape -doublets with 55 A protrusion-at the edge (Fig. 5 A) . Computer filtrations, viewed from the cytoplasmic surface of the membrane (Fig. 5 B) , uniformly show a characteristic arrangement of two large peaks, one smaller peak, and a deep groove, always in the same sequence in the anticlockwise direction, and around the central ionophoretic channel. A three-dimensional model based on the scaled contour heights in filtered images and the electron density determined by x-ray analysis is shown in Fig. 6 .
With the partial specific volume of 0.74 cm3 gm-' calculated from the amino acid composition of AcChR (46) , the total volume of the model would correspond to a total mol wt of 277,000 + 5,000. This is somewhat larger than the measured value of Reynolds and Karlin (47) In the model the individual elongated subunits must be arranged around the central channel much as five staves of a barrel. Tentative location of the subunits within the model at this stage is based on our preliminary crosslinking studies, on peak heights in the model, and on the ratios of subunit molecular weights.
NEUROTOXINS AS PROBES FOR THE AGONIST BINDING SITE
The dissociation constant for AcCh to AcChR is 10 -' M and binding is competitive with curare and curaremimetic snake neurotoxins whose dissociation constants are three to four orders of magnitude lower (49 (Fig. 7) , whereas 70% of erabutoxin b is f: sheet. Furthermore, the side chain of conserved Trp 29 must clearly lie in the interface region. However, it is found on the opposite side of the molecule in the two toxins. Thus, the toxins (and/or the receptor) must refold upon binding as suggested by the extremely slow association rates for "long" toxins t112 = 1-3 min (59) and the fact that association (but not dissociation) rates decrease rapidly below 11°C (57, 60). Based on chemical modifications (53, 57) , it has been suggested that the side chains of Asp 31, Arg 37, Gly 38 probably occupy the acetylcholine binding site (53, 55) . However, unlike AcCh, the toxins do not lead to channel opening. Could the extended binding interface serve to "lock" the quaternary structure of AcChR? a-Bungarotoxin binds on the outside of the 55 A portion of AcChR on the synaptic membrane surface. This has been directly visualized by electron microscopy of AcChR membranes treated first with toxin and subsequently with antitoxin antibodies coupled with gold beads (29) . A more precise localization of the bound toxin on the AcChR molecule by electron microscopy and image processing of AcChR arrays has not yet been possible as toxin binding appears to destroy the lattices in membrane sheets or tubes. However, available evidence strongly indicates that the binding area of a-bungarotoxin is located on the top synaptic crest of the AcChR oligomer. (a) X-ray diffraction from oriented pellets of conventionally prepared AcChR membranes revealed orders of 300-370 A spacing in the meridional direction, and in-plane near neighbor distances of 91 ± 1 A (61). More recently, on alkali stripped membranes (1 1), we have obtained x-ray diffraction patterns which reveal up to 11 orders of a 294 ± 5.5 A lattice spacing between stacked vesicle membrane pairs, and 90 A nearest-neighbor distance in the plane of the membrane (Fig. 8 A) . In toxin-treated samples, however, the lattice spacing in both meridional and equatorial FIGURE 7 A schematic view of the amino acid sequence (50) and three loop structure (51) of a-bungarotoxin. Residues which are highly conserved among (a) all of the curaremimetic toxins, both "long" and "short" are enclosed in solid circles; (b) all of the "long" toxins but not between the long and the short are in dashed circles. Amino acids where chemical modification of the side chain has been shown to affect toxicity (53, 57) are indicated with a star; sites where an evolutionary change in the sequence seems to be correlated with a change in toxicity are in solid squares (53, 57) . With exception of the four totally conserved cystine bridges, no single invariant or conserved residue has been shown to be essential for activity. It is therefore presumed that the residues contained within square boxes, and those marked with a star are in some way involved in the interface between a-bungarotoxin and AcChR, and all such side chains except R26 and W29 lie on the concave surface from which side the schematic is viewed. Dashed lines indicate hydrogen bonds between main chain atoms, and thick solid lines indicate the structurally important disulfide linkages. directions changes, and ordering is diminished (Fig. 8 B) . This observation suggests a toxin site which affects both in-plane neighbors and molecules in neighboring membranes, i.e., a site on the outside upper crest of AcChR (direct analysis of intensity (62) and electron density is in progress). (b) This interpretation is also consistent with our finding that membrane-bound AcChR preincubated with a-bungarotoxin is much more rapidly digested to the 27,000-mol wt limit digest pattern by trypsin (33) than AcChR in untreated membranes. (c) Antibodies raised against curaremimetic neurotoxins (i.e., most probably against toxin-host AcChR complex) have had specificities mapped onto the sequence, (63, 64) and hence into the structures of the toxins (56) . Essentially all of the antigenic sites are located on the "back" convex surface which is not involved in the interface with AcChR. Furthermore, antitoxin antibodies bind to the toxin-AcChR complex (29) . This implies that the toxin, and hence agonist, binding site is peripheral and not buried in the ionophoretic channel.
We conclude that the acetylcholine binding site is located within the toxin binding area, on the synaptic crest, and -55 A from the entrance to the most constricted region of the ionophoretic channel.
A FUNCTIONAL MODEL FOR ACCHR
The large distance between ligand site and the entrance to the ion channel (which must be the gated channel), - 55 A, raises questions as to how the binding of acetylcholine can lead to opening of an an ion channel. The mechanism could fall into either of two classes: the effect of acetylcholine could either be communicated to the channel by a detailed relay of coupled side chain motions, focusing the allosteric effect to a critical gate within the channel, or it could involve a large "global" change in conformation induced in the oligomer by ligand binding. Several factors strongly suggest the second kind of mechanism, that the conformation changes involved in channel opening, channel closing, and desensitization are large. Firstly, the reactivity of three out of four types of receptor subunits to photolabeling by bisazidoethidium bromide is altered by ligand binding (65) . Secondly, antisera have been prepared which can inhibit channel opening without affecting ligand binding (66) . Can they, like neurotoxins perhaps, "lock" the quaternary structure and therefore prevent the necessary large quaternary change? Thirdly, AcChR binds -16 terbium ions of which half can be displaced by ligand binding (67) . Again, the suggestion is for a large configurational change of the molecule. The channel itself must be large, at least 6.5 A across, yet must present a large energy barrier to the passage of ions in the closed state. It is difficult to imagine how any small configurational changes, say swinging of a tyrosine side chain at the end of an allosteric relay, could regulate such large changes in the free energy barrier to ion permeability. Thus we contend that the cited evidence strongly supports a mechanism which involves a global change between the closed channel state and the ligand-induced open channel state.
We now propose a testable hypothesis for the mechanism of AcChR (see Fig. 9 and reference 68). We "primed" state (a,'), different from that of the other (a2).
Ligand binding to both subunits together (Fig. 9 i) , leads to channel opening with a rate constant kj, represented in Fig. 9 by alignment of the extended a-subunits around the open channel (Fig. 9 ii) a-subunit (a2) now reverts to a configuration similar to that initially held by a, and so closes the channel with a second rate constant k2. This closed quaternary state (Fig.  9 iii) is different from (Fig. 9 i) , but also a stable closed state. Acetylcholine can diffuse away from a, and a2 without evoking a microscopically-reversible, channelopening event. A concommitant relaxation allows the a2 subunit to resume a configuration like that previously held by aI, (Fig. 9 iv) .
The next event would first lead to channel opening (Fig.  9 v) , then ultimately change the quaternary state (Fig. 9 vi) back to the initial a,', a2 state (Fig. 9 i) . In this mechanism the two possible open channel states are intermediate states whose lifetimes are determined primarily by the barrier to a change in the structure of agonistbound AcChR itself, and are therefore independent of agonist concentration.
This proposal is a "cyclic" mechanism, and to close the cycle the channel is opened twice. It STROUD: Fig. 9 shows our proposal. It is not a minimal model for the action of the receptor, but it was designed to deal with the question that if ligand binding to the receptor leads to channel opening (in agreement with the model of Hess, who has quantitated the rates of many of these steps), why does ligand diffusing away not lead to channel opening again in returning to the same starting structure? Channel opening is dependent on agonist type and concentration, while channel closing is independent of either. It therefore depends on the receptor complex. Our model is a cyclic scheme; half of this model would almost be equivalent to Hess's scheme. KISTLER: The tubes with the crystalline AChR arrangement can only be obtained with preparations which have not been stripped with alkaline pH and so the 43,000-dalton protein is present in the preparations. However, we have not yet attempted to use anti-43K antibodies to determine if the 43K protein is present in the tubes. If it is, then we would presume that it is attached to the inside of the tubes since we know that the tubes are oriented with the synaptic side out.
STROUD: EPR studies by Philippe Devaux on the stripped and unstripped AChR membranes have been used to study the immobilization of the AChR. Devaux showed that the presence of the 43K protein leads to relative immobilization of the receptor.
EISENBERG: Why is it that the doublets in Fig. 3 are not seen in projection in Fig. 1? 
